Episodic memories undergo qualitative changes with time, but little is known about how different aspects of memory are affected. Different types of information in a memory, such as perceptual detail, and central themes, may be lost at different rates. In patients with medial temporal lobe damage, memory for perceptual details is severely impaired, while memory for central details is relatively spared. Given the sensitivity of memory to loss of details, the present study sought to investigate factors that mediate the forgetting of different types of information from naturalistic episodic memories in young healthy adults. The study investigated (1) time-dependent loss of "central" and "peripheral" details from episodic memories, (2) the effectiveness of cuing with reminders to reinstate memory details, and (3) the role of retrieval in preventing forgetting. Over the course of 7 d, memory for naturalistic events (film clips) underwent a time-dependent loss of peripheral details, while memory for central details (the core or gist of events) showed significantly less loss. Giving brief reminders of the clips just before retrieval reinstated memory for peripheral details, suggesting that loss of details is not always permanent, and may reflect both a storage and retrieval deficit. Furthermore, retrieving a memory shortly after it was encoded prevented loss of both central and peripheral details, thereby promoting retention over time. We consider the implications of these results for behavioral and neurobiological models of retention and forgetting.
A rich literature on time-dependent forgetting indicates that multiple mechanisms including, for example, memory decay (Thorndike 1913) , and interference (Keppel and Underwood 1962) contribute to the forgetting of information (see Hardt et al. 2013; Sadeh et al. 2014 for review). Forgetting is not an all-or-none process; differential rates of forgetting have been identified for different aspects of a memory (Bahrick 1984; Conway et al. 1991; Brainerd and Reyna, 1993) . Episodic memory, the conscious recollection of autobiographical events, contains contextspecific information (i.e., sensory, perceptual, affective information), that can be retrieved and re-experienced in rich detail (Tulving 1972 (Tulving , 1983 Anderson and Conway 1993; Brewer and Pani 1996) . Episodic memories are particularly susceptible to loss of detail information (Tulving 1972) , with central elements critical to the overall coherence of an event more likely to be retained (Thorndyke 1977; Rumelhart and Ortony 1977) . These distinctions have been observed in studies in which participants, after reading a narrative, preferentially recall story elements that affect overall plot coherence (central elements or gist), over details (peripheral elements) that are less critical to the plot (Thorndyke, 1977; Bahrick 1984; Conway et al. 1991) . This pattern of recollection is consistent with memory theories which propose that both the gist and the contextually detailed elements of an episodic memory may be extracted, and while either type of detail may support memory retrieval, gist elements tend to be primarily relied upon as a memory ages (Brainerd and Reyna 2002; Conway et al. 2009; Winocur and Moscovitch 2011) . Consistent with this idea, in a series of studies using a short documentary film to test time-dependent changes in the quality of episodic memory in healthy controls, Furman et al. (2007 Furman et al. ( , 2012 found that questions pertaining to the film's "plot theme" were accurately recognized over time, whereas cued recall of contextual details showed a steep decline over the weeks following encoding.
Studies of patients with medial temporal lobe damage have shown that the peripheral details of an episodic memory are disproportionately sensitive to hippocampal damage (Rosenbaum et al. 2005; Steinvorth et al. 2005; Gilboa et al. 2006; St-Laurent et al. 2009 ), highlighting the critical role of the hippocampus in recalling detailed memory. Apart from differential forgetting rates, little is known about the factors that influence forgetting of central elements and peripheral details of naturalistic stimuli. Previous studies have examined the effects of cuing and repeated retrieval on forgetting, but it is not clear whether effects of cuing and repeated retrieval, that typically have been examined separately for laboratory-based stimuli such as words and sentences, would also apply to more complex material of the sort that constitute autobiographical memories. The aim of the present study was to systematically probe various factors that influence the natural loss, and retention, of different qualitative elements of naturalistic memory content over time, using a controlled, ecologically valid paradigm that mimics real-life episodic memory. To address these various issues, we conducted a series of experiments in which participants watched 40 brief film clips, encoding each episode during a single session. After varying delays, participants verbally recalled central and peripheral details of the events contained in the clips (see St-Laurent et al. 2014 for a similar approach). Film clips offer an ecologically valid approach to studying changes in episodic memory over time, since they are dynamic, continuous, and contain perceptual and affective narrative elements within a spatial-temporal context (Furman et al. 2007 (Furman et al. , 2012 Hasson et al. 2008 ), Thus, they capture some of the complexity of real world events, while retaining the reproducibility and controlled nature of more traditional laboratory stimuli (Furman et al. 2007; Mendelsohn et al. 2010; St-Laurent et al. 2014) .
In Study 1, we tested the hypothesis that different types of event information are forgotten at different rates. Here, participants recalled memory for film clips at varying delays ranging from several minutes to a full week following encoding. Based on the existing literature (Thorndyke 1977; Bahrick 1984; Conway et al. 1991) , we predicted faster loss of context-specific peripheral details than central story details. In Study 2, we examined whether peripheral memory details are permanently lost (reflecting a storage deficit), or whether they could be retrieved when appropriately cued with a reminder. The latter outcome would indicate that it is possible to reinstate an apparently forgotten detailed memory episode, and would be in line with evidence that providing primarily perceptual cues associated with encoding promotes episodic memory retrieval (Howard and Kahana 2002; see Ryan et al. 2015 for neurobiological evidence). However, the previous studies did not address the effectiveness of a cue in enhancing the retrieval of qualitatively different elements from a memory.
In Study 3, we sought to determine whether repeated retrieval of naturalistic events could render episodic details more resistant to time-dependent loss and, if so, does it increase the likelihood that either central or peripheral elements, or both, will be accessible for later retrieval. Previous studies have found that actively retrieving a memory following encoding protects against forgetting far better than re-encoding the information, a phenomenon referred to as the "testing effect" (Gates 1917; Spitzer 1939; Tulving 1967; Carrier and Pashler 1992; Roediger and Karpicke 2006; Karpicke and Roediger 2008 ; for recent reviews, see Roediger and Butler 2011; Rowland 2014) . The testing effect has been studied using simple stimuli such as paired associates Pyc and Rawson 2007; Karpicke and Roediger 2008; Toppino and Cohen 2009) , word list learning (Wheeler et al. 2003; Carpenter and DeLosh 2006; Rowland and DeLosh 2014) , and visuospatial information (Carpenter and Pashler 2007; Kang 2010 ), but has not been examined in the context of naturalistic episodic memory. Here we ask if retrieving a naturalistic memory can strengthen the representation of either, or both, central and peripheral details, attenuating the loss of one or both types of elements over time. Together, using a paradigm for testing naturalistic memory, these three studies investigated the differential rates of forgetting for the types of detail that comprise episodic memory, and explored ways of cuing their recovery and preventing their loss.
Results and comment
Study 1: time-dependent loss of memory for peripheral (episodic) and central details
We first investigated the prediction that, in recalling specific film clips, participants will show greater time-dependent loss of peripheral details than of central details associated with the general storyline. A 2 × 3 repeated-measures ANOVA was conducted with "Detail" (central and peripheral) and Delay (0-, 3-, 7-d) as withinsubject factors, and "Retrieval Success" as the dependent variable (also see Supplemental Results). The ANOVA revealed significant main effects of Detail, with more peripheral details recalled than central details (F (1,5) ¼ 8.03, P ¼ 0.037) and of Delay (F (2,10) ¼ 38.611, P , 0.001). A linear contrast indicated that memory decreased over time (0 . 3 . 7 d; P ¼ 0.01) for both types of details, indicating that participants recalled fewer details at longer delays. A significant Detail × Delay interaction (F (2,10) ¼ 17.67, P ¼ 0.001) also was observed. Although there was a significant decline between the immediate and 7-d tests sessions for both central (t (7) ¼ 7.401, P ¼ 0.001) and peripheral details (t (7) ¼ 7.098, P ¼ 0.001), consistent with our hypotheses, peripheral details were lost at a faster rate and to a greater degree than central details. This is reflected in the significantly greater percentage loss for peripheral details than central details (t (7) ¼ 26.321, P , 0.0001), where central details declined by 28.09% (SE 3.86 ) between the 0-and 7-d retrieval sessions, and peripheral details declined by 65.21% (SE 5.24) (Fig. 4A below) . Further evidence for the preferential retention of central details comes from the shift over time from the first retrieval session, where significantly more perceptual details were recalled than central details (t (10) ¼ 26.11, P , 0.001), to the 3-d retrieval session where this difference is only marginal (t (8) ¼ 22.06, P ¼ 0.07), and finally to the 7-d retrieval session where equivalent numbers of central and peripheral details are recalled (t (7) ¼ 0.85, P ¼ 0.42) (Fig. 1B) .Together, these results suggest that, while memory for the rich episodic peripheral elements of the film clips declined steeply, memory for the general storyline showed minimal loss over the week following encoding (Fig. 1B , see Supplemental Results). We also conducted similar analyses using the percentage of details forgotten to exclude the possibility that the differential rates of forgetting for central and peripheral details over time were due to differences in the number of retrievable details that were possible (see Materials and Methods). Comparable results were seen in these analyses (see Supplemental Results).
A Detail × Delay ANOVA was also conducted with selfreport memory ratings as the dependent variable. ANOVA revealed significant main effects of Detail, with participants choosing higher ratings for story content than for perceptual content (F (1,5) ¼ 13.70, P ¼ 0.014) and of Delay (F (2,10) ¼ 17.68, P ¼ 0.001), with a linear decrease in memory ratings across the 3 delays (0 . 3 . 7 d; P ¼ 0.005). A significant Detail × Delay interaction (F (2,10) ¼ 10.78, P ¼ 0.003) was also found, with post hoc tests indicating that memory ratings declined more for story content than for perceptual content over time. Although participants rated their memory for story content higher than their memory for perceptual content at the first (t (10) ¼ 3.75, P ¼ 0.004) and second retrieval sessions (t (8) ¼ 4.05, P ¼ 0.004), ratings were equivalent for both the story content and perceptual content by the 7-d retrieval session (t (7) ¼ 1.97, P ¼ 0.090) (Fig.  2B) . Furthermore, self-ratings of memory for story content were significantly lower at 3 d than at immediate testing (t (8) ¼ 3.873, P ¼ 0.005), and significantly lower at 7-d than at 3-d retrieval (t (5) ¼ 2.698, P ¼ 0.043), while self-ratings of perceptual content declined between immediate testing and the 3 d retrieval (t (8) ¼ 2.919, P ¼ 0.019), but not between the 3-and 7-d retrieval sessions (t (5) ¼ 2.421, P ¼ 0.060). Taken together, the results of Study 1 revealed greater loss of peripheral memory details, with preferential retention of central story details, despite the finding that participants' self-reported ratings for their memory of story details was typically higher than for perceptual details, but then declined over time. The discrepancy between self-report ratings and objective findings will be addressed in the Discussion section.
Study 2: reactivation of a remote memory promotes retrieval of memory details
We were next interested in whether the apparently lost central and peripheral details could be recovered by briefly reactivating the memory. That is, we assessed whether central and peripheral details could be accessed after a delay by perceptually cuing the memory just prior to testing. The results confirmed that both central and peripheral details were lost over time, with peripheral details lost at a faster rate and to a greater degree than central details. Importantly, however, reminders were effective in restoring some of the peripheral detail for the 7-d-old memories but not the central details.
Replicating the results of Study 1, the Detail × Delay ANOVA of nonreminded clips revealed a significant main effect of Detail, with more peripheral details recalled than central details (F (1,15 , and Reminder (nonreminded-NR, reminded-R) as within-subject factors, and Retrieval Success as the outcome variable. The immediate (0-d) delay could not be included here because it lacked the reminder condition. These data were analyzed in a separate ANOVA that included only nonreminded data (reported above), and was thus equivalent to the analysis for Study 1 (2 × 3 ANOVA for Detail × Delay). The Detail × Delay × Reminder ANOVA revealed significant main effects of Detail, with participants recalling fewer central details overall (F (1,17) ¼ 19.03, P ¼ 0.001), and of Delay, with participants recalling fewer details over time (F (1,17) ¼ 14.03 P ¼ 0.002), but a nonsignificant main effect of Reminder (F (1,17) ¼ 0.93, P ¼ 0.35). As predicted, a significant Detail × Reminder interaction (F (1,17) ¼ 10.30, P ¼ 0.005) was observed. All other (Right) Self-report memory rating of the story content and the vividness of perceptual details for each memory retrieval test session. Prior to the 3-and 7-d delay test session, reminders were presented for half the clips in the series. Data are presented for the reminded clips (R), and the nonreminded clips tested at each delay. Note that reminders were not given prior to the immediate (0-d) memory test session.
interactions were nonsignificant (all P's .0.13). Post hoc analyses of the Detail × Reminder interaction showed the reminder had no effect on either central (t (17) ¼ 0.629, P ¼ 0.54) or peripheral (t (17) ¼ 20.302, P ¼ 0.77) details at the 3-d delay. However, at the 7-d delay, reminders enhanced the number of peripheral details reported (t (17) ¼ 22.279, P ¼ 0.036), without significantly affecting the retrieval of central details (t (17) ¼ 1.77, P ¼ 0.095). Consistent with this significant effect of the reminder on memory for peripheral details at the 7-d delay, the percentage of details lost between 0-and 7-d retrieval sessions for reminded clips no longer differed between central (38.20%, SE 7.50%) and peripheral (35.46%, SE 6.40%) details (t (16) ¼ 3.22, P ¼ 0.751) (Fig. 4B  below) . Thus, the reminder had no significant effect on memory for central details at any time, while significantly improving recall of peripheral details at the longest delay. However, the reminders were ineffective at enhancing memory retrieval at the 3-d delay. This result is consistent with the idea that episodic memory is susceptible to loss over time, but that cuing can lead to the partial recovery of faded detailed memory (Figs. 2B, 4B).
A 2 × 2 × 2 ANOVA was conducted for self-report memory ratings, which revealed significant main effects of Detail, with memory for perceptual content rated lower than memory for story content (F (1,17) ¼ 22.78, P , 0.001), and of Delay, with memories rated significantly higher at 3-d than at 7-d retrieval sessions (F (1,17) ¼ 6.93, P ¼ 0.017). The main effect of Reminder was not significant (F (1,17) ¼ 0.010, P ¼ 0.76), and there were no significant interactions (all P's .0.061), suggesting that the reminders did not affect the subjective quality of the memories (Fig. 2B) .
Taken together, the results of Study 2 suggest that cuing a remote episodic memory just prior to retrieval can partially restore peripheral details, without significantly affecting memory for central details. Thus, the central elements, or gist, of a memory do not seem to be as susceptible to decline or enhancement as the perceptual elements that characterize an episodic memory.
Study 3: retrieving memory immediately following encoding prevents subsequent forgetting of details Study 1 demonstrated that different types of episodic memory details are forgotten at different rates over time, with preferential retention of central story elements over peripheral details. Using the same paradigm, Study 2 demonstrated that cuing the episodic memory with a reminder just prior to retrieval can enhance the retrieval of peripheral details, suggesting that "forgotten" details might not be permanently lost, but rather may be inaccessible without appropriate cuing. An outstanding question relates to the factors that mediate the initial forgetting of detail for naturalistic events. In Studies 1 and 2, each clip was retrieved only once, at a delay of 0, 3, or 7 d following encoding. Based on the idea that active retrieval of recently learned information strengthens later retrieval (Roediger and Butler 2011) , we investigated whether retrieving the film clips immediately following encoding would facilitate the retention of either central or peripheral details, or both. In this study, participants retrieved all 40 film clips immediately after encoding, and subsequently reretrieved subsets of clips at 1-, 3-, and 7-d delays. In this way, each clip was tested twice. As predicted, prior retrieval enhanced memory-the number of both central and peripheral details recalled remained stable across the retrieval sessions. Despite the retention of both types of detail, participants still rated their memories as weaker across the delays. This suggests that, subjectively, people felt they were forgetting information, despite the fact that they recalled an equivalent number of central and peripheral details at all time points.
A 2 × 4 repeated-measures ANOVA was conducted with Detail (central and peripheral) and Delay (0-, 1-, 3-, 7-d) as withinsubject factors, and Retrieval Success as a dependent variable. The ANOVA revealed a significant main effect of Detail, with peripheral details recalled at a higher rate than central details (F (1,9) ¼ 7.69, P ¼ 0.02), but a nonsignificant main effect of Delay (F (3, 27) ¼ 0.70, P ¼ 0.56), and a nonsignificant Detail × Delay interaction (F (3,27) ¼ 1.02, P ¼ 0.80), indicating no significant decline of either central or peripheral details over time (Fig.  3B) . A planned comparisons t-test confirmed no significant difference in the percentage loss of central details (4.60%, SE 3.27%) and peripheral details (11.10%, SE 6.72%) between the 0-and 7-d retrieval tests (t (10) ¼ 21.177, P ¼ 0.267) (Fig. 4C) . Thus, actively retrieving the memory for the film clips immediately following encoding appears to protect against the loss of central and peripheral details, promoting the retrieval of both types of information over time.
With respect to self-report memory ratings, the ANOVA showed a significant main effect of Delay (F (3,27) ¼ 17.42, P , 0.001), and a significant main effect of Detail (F (1,9) ¼ 22.79, P ¼ 0.001), with memory for story content rated higher than memory for perceptual content. Post hoc analyses revealed a significant linear decrease in ratings over the four retrieval sessions (immediate . 0 . 3 . 7 d; F (1,9) ¼ 28.73, P , 0.001) (Fig. 3B) . Consistent with the self-report findings in Studies 1 and 2, it Cold Spring Harbor Laboratory Press on January 18, 2017 -Published by learnmem.cshlp.org Downloaded from appears that participants' subjective feelings of the quality of their memory may not be the most reliable indicator of memory content. This observation will be addressed in the Discussion section.
Discussion
Peripheral (perceptual) details that render a memory rich and vivid likely cannot be accessed easily in the absence of central details that define its core meaning or gist (Conway and Pleydell-Pearce 2000; Loveday and Conway 2011) . These peripheral and central elements that together make up an episodic memory, however, are lost at different rates over time, with peripheral elements being much more susceptible to rapid decline. While this has been known for some time, (Thorndyke 1977; Rumelhart and Ortony 1977; Bahrick 1984; Conway et al. 1991) , the goal of the present study was to relate a number of theoretical ideas concerning the influence of cuing and repeated retrieval on the differential rates of forgetting (or memory retention) for qualitatively different aspects of episodic memory, using a consistent, and ecologically valid, naturalistic memory task.
The results of Study 1 confirmed previous findings (Thorndyke 1977; Bahrick 1984; Conway et al. 1991) of differential forgetting of central and peripheral elements of an episodic memory over time, validating the memory paradigm used in the present studies. The results of Studies 2 and 3 demonstrate that this apparent forgetting of details over time may not be permanent or invariable, and highlight the use of cuing and repeated retrieval to promote episodic memory retention. It should be noted that the discussion is based on this objective measure of performance (the number of reported memory details), rather than subjective self-report ratings of memory quality. As these two measures (details and ratings) show different patterns of results, we will address this discrepancy later in the Discussion, and will try to reconcile the two sets of findings.
Although forgetting of details is typically interpreted as a loss-of-function, in certain situations, it may be adaptive to recall only minimal details from an event. Recalling every detail at each retrieval could overwhelm online cognitive resources (Hardt et al. 2013) . At the same time, the ability to gain access to details of an episodic memory when appropriately cued may be valuable in situations where specificity is required, such as reinstating context during eye witness testimony (Krafka and Penrod 1985; Schacter et al. 2007; Buckner 2010; Sheldon et al. 2011; Furman et al. 2012; Szpunar et al. 2014 ).
Recovering forgotten episodic details
Memory decay and interference are among the main processes thought to mediate forgetting (for review, see Hardt et al. 2013; Sadeh et al. 2014) . Regardless of the mechanism underlying forgetting in the present studies, the findings of Study 2 suggest that impoverished memory for the films may be due as much to inaccessibility, as to a long-term memory storage deficit, and that cues may be effective in accessing those forgotten details (Tulving and Pearlstone 1966; Tulving and Psotka 1971; Tulving 1972; Dudai 2004; Hardt et al. 2009; Loveday and Conway 2011) . It has been shown that providing contextual cues can enhance memory retrieval, particularly during conditions involving high interference (Winocur and Kinsbourne 1978; Winocur et al. 1981) . In a test of autobiographical episodic memory, providing a highly familiar landmark cue enhanced the retrieval of details for memories associated with the cued scene (Robin and Moscovitch 2014) . Even in amnesic patients, cuing by placing patients in a relevant setting enhanced the retrieval of autobiographical memory details, both internal (i.e., episodic and perceptual details) and external (semantic details) elements, relative to memories retrieved in a control setting (Miles et al. 2013 ). This evidence suggests that appropriate real world contextual cues enhance the retrieval of naturalistic memories, in both healthy adults and those with memory impairments.
The reminder cues in Study 2 selectively enhanced retrieval of peripheral details, while having no significant effect on the retrieval of central story details. These more detailed attributes of the event are thought to be less accessible over time, possibly requiring more effortful retrieval, but may be elicited if given appropriate cues. In line with this idea, Hasher and Griffen (1978) proposed that recall of an event's general "theme" may be more accessible due to repeated and distributed presentations within the event. Therefore, in the absence of explicit cuing, details pertaining to the general theme will be most easily accessed during memory recall. It is possible that the reminders did not affect memory for the gist of the film clips because the generalized memory is less sensitive to cuing effects. Related to this, while the cues effectively restored some peripheral details at the longest delay, it was not a complete recovery, suggesting that some of the peripheral details are irretrievably forgotten. Given the loss of memory for peripheral details at the 3-d delay test, it is possible that the loss of those details is rapid, and while they may be available when retrieval is conducted immediately after encoding (0-d), within several days, these details are already forgotten. By 7-d, while there are still some details that cannot be recovered, there remains memory for other details that have been stored, but are not immediately accessible in the absence of appropriate cuing.
These explanations for the observed results are speculative. We acknowledge that future studies would be required to determine systematically the time point at which these details are lost. The effectiveness of a reminder in modifying a memory may relate not only to the type of memory representations, but also to the age of the memory, and the quality and duration of the reminder (Tronson and Taylor 2007; Schiller and Phelps 2011; Dudai 2012; Wichert et al. 2012 Wichert et al. , 2013 Forcato et al. 2013) . In Study 2, we used a reminder that cued peripheral/perceptual details. Had we used centrally themed reminders (such as presenting a main plot point) there might have been a facilitation of retrieval for central details. Future research may determine whether forgotten central details require a qualitatively different cue to be accessed, or if once forgotten, they are permanently lost. Together, the present results suggest that cuing with a peripherally based cue alone is not sufficient to enhance the overall coherent retrieval of the memory. As a control condition in a pilot study, we found that the visual reminder cue and title alone is not sufficient to induce central and peripherally detailed reports in participants who had not previously seen the corresponding film clip (data not shown), suggesting that the reminder cue alone is not simply providing perceptual details, but rather serves to reactivate the detailed version of the episodic memory.
Preventing the forgetting of details
We have shown that cuing with reminders can reactivate a perceptually rich version of an episodic memory, suggesting that not all details are irretrievably lost. Instead, over time, they may become inaccessible. In Study 3, we showed that actively retrieving a memory immediately following encoding can facilitate retention of central and peripheral elements of an episode. This finding is consistent with the "testing effect", a phenomenon in which repeated, spaced retrieval (or self-testing) of newly learned material promotes long-term retention of information in a way that is far superior to using repeated-study sessions (Gates 1917; Spitzer 1939; Tulving 1967; Carrier and Pashler 1992; Roediger and Karpicke 2006; Karpicke and Roediger 2008; Rosburg et al. 2015) . This phenomenon has been observed across several verbal (Wheeler et al. 2003; Carpenter and DeLosh 2006; Pyc and Rawson 2007; Karpicke and Roediger 2008; Toppino and Cohen 2009; Rowland and DeLosh 2014) , nonverbal (Carpenter and Pashler 2007; Kang 2010) , and semantic (Carpenter 2009; Veltre et al. 2014 ) memory domains. An important contribution of Study 3 is that, unlike using cues to enhance only the retrieval of peripheral elements (Study 2), repeated testing/retrieval can promote the retention and retrieval of both central and peripheral elements of naturalistic memories for complex episodes, complementing findings in which cued retrieval protects against subsequent loss of detailed memory for eyewitness testimony events (Pansky, 2012) .
Studies on the testing effect suggest that elaboration, or the generation of additional memory traces, during retrieval may increase the likelihood that the memory trace will be accessible for future retrieval (Roediger and Butler 2011) . This mnemonic benefit may be due to the effects of effortful retrieval (Gardiner et al. 1973; Bjork and Bjork 1992; Pyc and Rawson 2007) , and/or semantic elaboration (Carpenter 2009 (Carpenter , 2011 . Although the precise mechanisms underlying the testing effect are not well understood, recent fMRI studies found that increased activity in the left inferior parietal lobe and middle temporal gyrus during repeated retrieval of word pairs (but not during passive restudying) predicted better subsequent recall (van den Broek et al. 2013) . Repeated testing also enhanced functional connectivity between the hippocampus, and the medial prefrontal and posterior cingulate cortex (Wing et al. 2013 ), all key regions within the recollection network (Rugg and Vilberg 2013) . Increased activity in the anterior cingulate cortex during retrieval has been observed up to 5 mo following initial repeated retrieval sessions, suggesting that long-term mnemonic benefits from the testing effect may be partially due to enhanced systems-level memory consolidation (Eriksson et al. 2011) .
Our results using reminders and repeated retrieval to strengthen memory details are consistent with the mounting evidence that memory consolidation is a dynamic process in which cuing or reactivating a previously encoded episodic memory may render it sensitive to updating or strengthening as the memory trace restabilizes (for review, see Tronson and Taylor 2007; Roediger and Butler, 2011; Schiller and Phelps 2011; Dudai 2012; Schwabe et al. 2014) . While most previous studies have shown that reactivating a declarative memory can enhance subsequent retrieval, they typically use relatively simple stimuli, such as paired-associate syllables (Coccoz et al. 2011 (Coccoz et al. , 2013 Forcato et al. 2011 Forcato et al. , 2013 . A recent study using more naturalistic stimuli has shown that reactivating memory of a museum tour enhanced later recognition memory for items on the tour (St-Jaques and Schacter 2013), whereas introducing interference following reactivation impairs subsequent recognition memory (Chan and LaPaglia 2013; St-Jaques and Schacter 2013) .
To our knowledge, our study is the first to show the effectiveness of both reminders and repeated retrieval facilitating richly detailed memory for complex naturalistic episodes within the same memory paradigm. The mechanisms mediating the facilitation following cuing and repeated retrieval likely differ, in part, due to the different intervals between memory reactivation and subsequent recall. In Study 3, retrieving all clips immediately after encoding prevented time-dependent loss of both central and peripheral details. It should be noted that central details were retained at a proportionately higher level than peripheral details even in the absence of reminders or repeated retrieval (Study 1 and 2), so it remains unclear if the repeated retrieval strengthens both types of detail to the same degree. A recent study found that testing of object-name pairs enhanced subsequent itemsource memory, and led to increased ERP activity in the left parietal lobe, (Rosburg et al. 2015) , a putative neural correlate for recollection-based retrieval (Yonelinas et al. 2005; Vilberg and Rugg 2009; Addante et al. 2012 ). This suggests that repeated testing/retrieval is associated with increased recollection (reinstantiation of the context and details related to an event), as opposed to familiarity (recall without contextual or other related details), at the time of retrieval (Yonelinas 2002 ). Thus, it is possible that multiple testing and/or retrieval sessions are effective at strengthening memory because recollection-based retrieval reactivates both central and peripheral elements, which together enhance the overall quality of a memory, whereas partially cuing the same memory with a perceptual cue only enhances the retrieval of those details.
Feelings of forgetting
In the present studies, subjective memory ratings for story content and vividness of perceptual detail did not always correspond to the objective detail scoring from the verbal retrieval sessions, suggesting that an individual's confidence in the quality or vividness of his or her memory is not, on its own, a reliable measure of the objective aspects and/or veridical quality of a memory (Loftus 1979; Tulving 1981; Qin et al. 2011; Johnson et al. 2015) . Despite a linear decline in the self-report ratings for both the story content and the perceptual content of the memories, suggesting an overall feeling of forgetting, participants consistently rated Cold Spring Harbor Laboratory Press on January 18, 2017 -Published by learnmem.cshlp.org Downloaded from their memory for the story content more highly than their memory for the accompanying perceptual content. This is in line with the idea that central, or gist-like elements of a memory tend to be retained better than peripheral elements (Thorndyke 1977; Bahrick 1984; Conway et al. 1991) . Despite the memory enhancing or protective effects of cuing or repeated retrieval seen in the objective detail scoring of memory content, participants still reported a time-dependent decline in the subjective content and vividness of their memories. These two effects may not be contradictory as it is possible that one's perceived ability to retrieve a memory vividly might decline before retrieval itself declines. For example, one's subjective ratings may be influenced by the effort it takes to retrieve the information, with greater effort being associated with greater uncertainly which, in turn, may lead to a lower subjective rating (Koriat 2000) . Alternatively, there may indeed be some decline in objective memory which our tests are not sensitive enough to detect. The self-report memory ratings for story content and perceptual details tended to correlate highly across all studies and delays, (see Supplemental Table S1 ). It may be that rating the overall story content of the memory subsequently influenced the rating of the associated perceptual content. This idea that the initial retrieval of the central story elements influences subsequent retrieval of the peripheral details will be discussed below.
Theories of detailed forgetting
While our studies were not designed as a direct test of any specific theory of memory consolidation, the results are in line with certain prevailing ideas in cognitive psychology and neurobiology. Among the former, one of the more relevant is fuzzy trace theory (FTT) which asserts that the degree to which verbatim traces (precise, contextually detailed representation of the memory) or gist traces (general, fuzzy, semantic representation of the memory) are used to recall a memory may influence the degree to which memories are forgotten Reyna 1993, 1998; Reyna and Brainerd 1995) . According to this view, adults typically rely on a "fuzzy processing preference", in which primarily the gist elements are used to make a decision about a previously experienced event (Brainerd and Reyna 2002) . In the present studies, this fuzzy processing preference may have been the default retrieval strategy; however, during the retrieval session, participants were explicitly prompted to retrieve all the perceptual details from their memory following the prompt to retrieve the central story details. According to FTT, it is possible that the verbatim traces, (comparable with our peripheral details) are available, but inaccessible by default, unless the participant is directly prompted to retrieve them. The results of Study 2 suggest that this may be the case. In the absence of a "reminder cue", the peripheral details may be inaccessible. While there may still be some forgetting over time, in which case the details are not merely inaccessible, but entirely lost (as suggested by the time-dependent forgetting of peripheral details in Study 1, and in the nonreminded condition of Study 2), it is also likely that some of the peripheral details are inaccessible, but may be effortfully retrieved if given appropriate cues (i.e., a screenshot reminder, as well as explicit prompting to retrieve those perceptual details).
Our findings are also in line with the trace transformation theory (TTT) of memory consolidation (Winocur et al. 2010; Winocur and Moscovitch 2011) , which proposes that, initially, episodic memory is comprised of both central and peripheral details (and thought to be mediated by the hippocampus). According to this view, over time a gist-like version of this memory develops in which only the central schematic elements are retained (thought to be represented in extra-hippocampal cortical regions). Although peripheral details may degrade over time, the detailed version of an episodic memory remains dependent on the hippocampus. Critically, TTT holds that, even in the healthy brain, both general and detailed memory traces can coexist, (Winocur and Moscovitch 2011) , with the cues, or task demands, at the time of retrieval influencing which version will be recovered. Our results suggest that, for older memories, the generalized version may dominate, and be retrieved more readily. Further, since details may be recovered with appropriate cuing, their apparent loss appears to be due, at least in part, to a retrieval failure, perhaps resulting from a weakening of synaptic connections of the memory trace which may be reengaged to support detailed memory retrieval (Goshen et al. 2011; Tonegawa et al. 2015) .
Conclusion
Together, the results of the three studies suggest that a detailed episodic memory and a more general gist-like version of that same event can coexist, but they are differentially sensitive to forgetting over time. With the better retention of memory for central details (gist), but a steeper time-dependent decline in memory for the peripheral elements (Study 1), it is possible that the memory for the gist of the episode may provide a general framework to support the reconstruction of a detailed and rich episodic memory (Conway et al. 2009 ). This central framework might be especially critical when memories are effortfully retrieved, rather than spontaneously retrieved. While this was not directly tested in the current study, it would be an interesting avenue for further research. In the absence of a cue for the central details, cuing the periphery alone (Study 2) may be effective in enhancing the retrieval of peripheral details. Finally, our results suggest that repeated effortful retrieval is effective in strengthening both central and peripheral elements of memory (Study 3), increasing the likelihood that both types of details will be accessed during subsequent retrieval, thereby extending the range of the "testing effect" to naturalistic events.
Materials and Methods

Subjects
Participants between the ages of 18 -35 were recruited from the University of Toronto's Psychology 100 subject pool and through advertisements on campus. Participants were reimbursed $10 per hour. All procedures were approved by the University of Toronto's Research Ethics Board, and conducted in accordance with the guidelines set by the Tri-Council Policy Statement: Ethical Conduct for Research Involving Humans. All participants gave written informed consent and were fluent in English, with no history of psychiatric or neurological disorders. See Table 1 for a description of the participants included in each experiment.
Materials
Film clip stimuli
Forty film clips were used to test episodic memory. Clips were 23 sec in duration, taken from foreign films, with limited dialog (some of these clips were used in a previous study; St-Laurent et al. 2014) . Each clip was analyzed for its content based on four feature categories: visual complexity (colour, background complexity, movement, number of frame transitions, number of background characters), story complexity (number of central characters, storyline complexity), sound complexity (speech, music, background noise), and emotional content (funny, surprising, cute, sad, quirky). Three scorers (M.J.S., K.B., M.S.L.) independently rated each clip on each criterion, and assigned a score betweenthree evenly distributed series of 13 or 14 clips, balanced across the four categories (see Supplemental Fig. S1 ). For each participant, each of the three series was pseudorandomly assigned to be tested at one of the delays used in the memory retrieval sessions.
Procedure
Procedures followed were based on those developed for a previous study (St-Laurent et al. 2014) . All experiments were conducted on a desktop computer using E-Prime 2 (version 2.0.10.242, E-Studio, Psychology Software Tools Inc.), in a sound-attenuated room. Participants were read a set of instructions, and then performed a practice session in which they watched two sample clips and performed the memory retrieval task to ensure they understood the test procedures. Participants were told they would be subsequently tested on their memory for the clips following varying delays, and instructed not to rehearse the information in the interim.
Encoding session
During encoding, participants viewed the 40 film clips, presented in randomized order. Each clip was given a title (e.g., "Boy, Girl, and Balloon") that served as a retrieval cue in the retrieval session of the experiment. The title appeared centrally on the screen for 2 sec immediately before and after the clip played. Clips were centrally presented on a computer screen, with sound delivered though computer speakers. Participants were instructed to pay attention to the title and content of each clip. A fixation cross was presented for 2 sec between each clip. Participants were given a short self-timed break between every 10 clips. For all three studies, all clips were encoded within a single session; series of clips (see Film Clip Stimuli) were then retrieved at different time points. Series were assigned pseudorandomly to a retrieval session time point in a manner that was counterbalanced across participants.
Retrieval session
For the retrieval session in each experiment, participants were presented with the title of a clip for 16 sec, during which they were instructed to visualize the clip in their mind, from beginning to end. Next, they used a key pad to rate how well they recalled the clip's story content, on a scale of 1 (low) to 5 (high). Story content refers to the general plot line of the story ("what happened"), and events central to the progression of the episode (Berntsen 2002; St-Laurent et al. 2014) . A rating of 1 indicated there was no story content in their memory, while 5 indicated they felt that their memory contained all of the story elements. Next, participants rated the vividness of their memory's perceptual content during the retrieval period in a similar way. Perceptual content referred to visual (colors, lighting, textures, facial features, clothing, positions of objects, background details, weather, lighting conditions, etc.) and auditory (talking, laughing, background music, street sounds) details. Immediately following the ratings of each clip, participants were asked to verbally report the story content details they could recall from the clip (what happened, who did what, what was the situation; they were given a maximum of 60 sec to report these details). Finally, participants were asked to verbally report any perceptual (visual or auditory) details they imagined in their mind's eye while they recalled the clip (for up to 60 sec). Recordings of verbal responses were transcribed and scored according to a system described below. The presentation order of clips was randomized within each retrieval session. See Figure  5A for schematic of the encoding and retrieval sessions.
Study 1: Memory testing occurred across three sessions. Clips were divided into three series of 13 or 14 clips (see above). Each series of clips was tested immediately (several minutes, 0 d), or following a 3-or 7-d delay after encoding. In this way, memory for each clip was tested only once. See Figure 1A for a schematic of the design for Study 1. Participants with missing data were excluded from statistical analyses. The degrees of freedom in the different analyses vary due to missing data points in various conditions (see Supplemental Results).
Figure 5. Schematics of study design. Schematic of the study design for the encoding session, retrieval session, and reminder session. Encoding session: 40 film clips were shown to participants in a randomized order. Retrieval session: The retrieval sessions were identically run across all delays (0-, 1-, 3-, 7-d), and all studies. Reminder session: The reminder session was run immediately preceding the retrieval session for the 3-and 7-d delay tests in Study 2.
Study 2: Memory testing was identical to the procedures reported in Study 1, except that participants received a reminder session just prior to the 3-and 7-d delay retrieval sessions. During this reminder session, participants were shown the clip title and a 1-inch high horizontal strip taken from a screenshot of the clip (Fig. 5) . A horizontal strip was selected so that no coherent information about the scene would be available making the cue as purely perceptual as possible. In addition, a Gaussian blur mask was filtered over the screen-shot using Image J software (NIH) to partially obscure the visual details in the reminder. Reminder cues were presented on the computer screen for 3 sec, followed by a fixation-cross for a 7 sec inter-trial interval. Reminders were only given for half of the clips to be tested in the subsequent memory retrieval session (reminded, R). The other half of clips tested during the retrieval session did not receive a reminder prior to retrieval (nonreminded, NR), which allowed us to determine the effectiveness of the reminder in reinstating memory details for the clips during the subsequent memory retrieval session. The retrieval session immediately followed the reminder session for the 3-and 7-d tests. No reminders were given for clips tested immediately after encoding (0 d). See Figure 2A for a schematic of the design for Study 2.
Study 3: Memory retrieval occurred across four sessions. Immediately following encoding, memory for all 40 clips was tested (immediate retrieval, 0 d). Each series of 13 or 14 clips was then retested following either a 1-, 3-, or 7-d delay. Retrieval was conducted identically to the procedures reported in Study 1. See Figure 3A for a schematic of the design for Study 3.
Scoring and data analysis
Self-report ratings of story and perceptual content were averaged across clips for each delay. As described above, two separate recordings of the verbal retrieval responses were obtained for each clip to encourage participants to report what they recalled about a clip's storyline and perceptual content. The recordings were manually transcribed and responses were coded and scored using a modified version of the Autobiographical Interview (Berntsen 2002; Levine et al. 2002) , to categorize central story details and peripheral details (see Supplemental Fig. S2 for an example of a coded transcript). Central story details were elements that could not be modified or omitted without changing the plotline of the story (Berntsen 2002) . In order to score central details consistently, 5 -6 central story points were identified for each clip and recorded as a "central narrative" (see Supplemental Methods for list of central details per clip). These central story points were identified based on narratives used in a previous study (St-Laurent et al. 2014) , modified on the basis of data from a pilot version of this task. A participant was given a score of one central point for each detail they retrieved that corresponded to a point in the central narrative for that clip. Peripheral details were considered any additional descriptive information, including perceptual, emotional, and contextual details present in the film clip. One peripheral point was scored for each peripheral story detail reported during the verbal retrieval session (see Supplemental Fig. S2 ). Notably, there was an upper limit to the number of central points a participant could score, but no such limit for peripheral points (see Supplemental Methods; Supplemental Fig. S1a ). To control for the different baselines of each detail type (central and peripheral), additional analyses were performed for each study. We conducted planned comparisons t-tests investigating the percentage of details lost (i.e., percent loss ¼ [1 2 (7 d/0 d)] × 100) between the immediate retrieval test (0 d) and the 7-d retrieval test (7 d), to confirm that any observed differences in rates of forgetting were not due to such differences in baseline numbers of details.
For each clip, both central and peripheral details were coded and tallied across the first recording (participant probed for story content) and second recording (participant probed for perceptual details) by an experimenter (S.P.) blind to the delay or reminder condition. Each reported detail was classified as either central or peripheral. No additional points were assigned for repeated details, or for unrelated information about the film clips (i.e., opinions or speculations). Errors in central and peripheral details were also calculated. Errors were considered any recalled details that did not match the information presented in the film clip. For each type of detail (central or peripheral), the total number of errors was subtracted from the total number of correct details (i.e., Retrieval Success ¼ # correct details -# errors) to determine the corrected memory retrieval success scores used in the final data analyses. For each participant, the corrected central and Errors were details reported that did not match the actions and details in the film clip. The total number of errors was subtracted from the total number of accurately recalled details to generate the corrected central and peripheral detail score for each film clip (Retrieval Success). Failed trials were trials assigned self-report memory ratings of 1, and trials with zero central and peripheral details reported. These trials were excluded from data analyses.
peripheral details were averaged across all clips for each delay condition (0-, 1-, 3-, and 7-d). The mean errors in each study are presented in Table 2 . For all analyses, we excluded "failed" retrieval trials, which were trials given memory retrieval ratings of "1" (indicating low memory for story content and low vividness of perceptual details) and for which there were no central or peripheral details reported during the verbal retrieval session (see Table 3 for details of failed trials per participant in each study). We also excluded trials in which the participant reported details corresponding to the wrong film clip. Although these data were excluded in the analyses described below, analyses performed with these data included produced equivalent results. All main analyses were conducted as repeated-measures ANOVAs, and all post hoc analyses, unless otherwise indicated, were conducted as Bonferroni-corrected t-tests. Data analysis was performed using SPSS22.
